I investigated double-strand-break repair in Saccharomyces cerevisiae cells by measuring the frequencies and types of integration events at the PET56-HIS3-DEDI chromosomal region associated with the introduction of linearized plasmid DNAs containing homologous sequences. In general, the integration frequencies observed in strains containing a wild-type region, a 1-kilobase (kb) deletion, or a 5-kb insertion were similar, provided that the cleavage site in the plasmid DNA was present in the host genome. Cleavage at a plasmid DNA site corresponding to a region deleted in the chromosome caused a 10-fold reduction in the integration frequency even when the site was close to regions of homology. However, although the integration frequency was normal even when cleavage occurred only 25 base pairs (bp) outside the deletion breakpoint, 98% of the events were associated not with the usual heterogenote structure, but instead with a homogenote structure containing two copies of the deletion allele separated by vector sequences. Similarly, when cleavage occurred 80 bp outside the 5-kb substitution breakpoint, 40% of the integration events were associated with homogenote structures. From these observations, I suggest that (i) exonuclease and polymerase activities are not rate-limiting steps in double-strand-break repair, (ii) exonuclease activity is coupled to the initiation step, (iii) the integration frequency is strongly influenced by the amount of homology near the recombinogenic ends, (iv) both ends of a linear DNA molecule might interact with the host chomosome before significant exonuclease or polymerase action, and (v) the average repair tract is about 600 bp.
Transformation of Saccharomyces cerevisiae cells by recombinant plasmids containing cloned yeast DNA sequences is associated with autonomous replication or chromosomal integration of the introduced DNA (2) (3) (4) 13) . If the plasmids are incapable of autonomous replication in yeast cells, transformation is inefficient because it depends on homologous recombination between plasmid and genomic sequences (4, 13) . The recombination event usually results in the precise integration of a single copy of the entire plasmid DNA into the genome. This generates a heterogenote structure (6) in which the homologous sequences derived from the host and introduced DNA are separated by the plasmid vector sequences.
The transformation frequency can be increased by a factor of 100 to 1,000 if the plasmid DNA is cleaved within the homologous yeast sequences before being introduced into cells (3, 7) . This dramatic stimulation has been attributed to the recombinogenic nature of the ends of the linear molecules, because the resulting transformants contain one or more integrated copies of the introduced DNA (7) . Moreover, these integration events occur even when the plasmid DNA is cleaved at two positions to produce a double-strand gap. In this situation, the gap in the plasmid DNA is repaired with information from the host genome. These events depend on RAD52, and they are associated with roughly equal frequencies of gene conversion and reciprocal recombination near the site of the double-strand break (8) . Thus, it has been suggested that transformation by linear plasmid DNAs provides a model for the repair of double-strand breaks (7) and that normal gene conversion may be initiated by such breaks (14) .
A molecular model for the chromosomal integration of linear plasmid DNAs has been proposed (14) . In this model, exonucleases enlarge the double-strand break into a gap flanked by 3' single strands. Then, one of the two 3' ends invades the host chromosome at the homologous site, thus displacing a D-loop, and the invading end is extended by DNA polymerase until the other 3' end can anneal to the single-stranded region of the D-loop. The second 3' end is extended to complete the repair of the gap, and branch migration results in the formation of two Holliday junctions. Finally, this structure is resolved to yield gene conversion or reciprocal recombination.
In this report, I examine several aspects of double-strandbreak repair. The basic experiment is to create double-strand breaks or gaps at various positions within yeast DNA sequences present on recombinant plasmids and then to introduce these molecules into strains containing wild-type, deletion, or substitution alleles at the homologous chromosomal region. The relevant structures of the recombinant plasmids and host chromosomal regions are shown in Fig. 1 . The recombinant plasmids are derived from YIp5-Sc2812, which contains a 6.1-kilobase (kb) yeast DNA fragment encoding the entire PET56-HIS3-DEDJ gene region (12) cloned into the URA3 integrating vector YIp5 (13 (11) . The HindIll site represeni the boundary between the GAL and pBR322 regions and is locate about 30 bp from the boundary of the black bar (nucleotide -173 hence, it is located about 40 bp from the deletion endpoint ( his3-A200 (nucleotide -181). Sc3320 is simply a 4-bp insertion th; destroys one of the two HindIll sites in the HIS3 structural gen( Both Sc3309 and Sc3320 contain a mutated EcoRI site [indicated b
The plasmid DNAs were cleaved with various restrictio endonucleases, and the resulting products were electrophc retically separated on a 0.7% low-temperature gelling melting agarose gel (10) . After melting of the appropriate gc slices at 73°C, the desired DNA segments were purified b phenol extraction and ethanol precipitation. Cultures fror all three yeast strains were grown to early log phase (A60= 7, 1987 (I frequency was reduced by a factor of 5 to 10 in experiment 6B, a situation in which both cleavage sites were absent in the host. Thus, high-frequency integration occurs, provided that at least one of the two ends is homologous to the genome.
In experiment 5A, the DNA contained a 1.6-kb gap with respect to the wild-type genome, yet the integration frequency was similar to or only slightly lower than the normal level. However, such large gaps can significantly lower the integration frequency in situations in which one of the two ends either is not homologous to the genome or maps close to a region of nonhomology. For example, a 700-bp gap with one homologous end produced 35 Ura+ colonies (experiment 6A), whereas only 6 Ura+ colonies were observed when the gap is increased to 1.1 (experiment 7A) or 2.6 kb (experiment 8A). Similarly, direct comparisons between experiments 4B and SB, 7A and 7B, 7B and 8B, or liC and 14C show that the integration frequency decreased about four-to eightfold when the gap is enlarged by 1 kb.
As mentioned above, the integration frequency was high even when the transforming DNA was cleaved at a position mapping only 25 bp from a deletion breakpoint (line 2B). However, all 38 of the transformants listed in Table 1 were His-, even though the transforming DNA contained a functional his3 allele. Analysis of 204 more transformants revealed that 200 (98%) were His-, whereas only 4 (2%) were His'. Genomic hybridization analysis (data not shown) indicated that all 16 colonies examined did not contain the usual heterogenote structure. Instead, 15 of these strains had a homogenote structure containing two copies of the his3-A200 allele separated by a single copy of the Ura+ vector sequence; the exceptional case was probably the result of multiple integration events. Equivalent homogenotes were also observed in experiment 3B, in which the transforming DNA was cleaved to generate a 600-bp gap with endpoints located approximately 0.9 and 1.5 kb away from the his3-A200 breakpoint. Of 59 colonies examined, 49 (83%) were His' heterogenotes and 10 (17%) were His-homogenotes.
To account for the homogenote structures, it appears that 1.3 kb of DNA containing the entire HIS3 structural gene and the GAL segment of YIp5-Sc3309 have been degraded by exonucleases and possibly also recombined out by a reciprocal exchange. The high integration frequency suggests that this extensive activity is not the rate-limiting step for chromosomal integration. Moreover, this extensive degradation is not an artifact associated with the introduction of purified DNA into yeast cells. If this were the case, high integration frequencies would be observed even when DNA was cleaved at sites corresponding to sequences deleted in his3-A200, because exonucleolytic action would generate recombinogenic 3' ends that are homologous to the host genome. However, the low integration frequencies in experiment 1B and 6B are inconsistent with this possibility. Moreover, the low integration frequency in experiment 6B, in which the HindIII site upstream of the his3 gene in YIp5-Sc3309 is located only 40 bp from homologous sequences in his3-A200, suggests that newly introduced DNA is subject to minimal exonuclease activity. This is supported by the observation that cohesive ends generated by restriction endonuclease treatment are readily ligated upon introduction into yeast cells (9) . Thus, these observations strongly suggest that exonuclease activity is coupled to the initiation event.
These observations also suggest that the integration frequency is strongly influenced by the amount of homology near the recombinogenic ends. In 
